INTRODUCTION

INCE von Helmholtz, spectruln analysis has been
considered an important technique for studying vowels. The occurrence of characteristic peaks or formants in the different vowel spectra has led to extensive research on the properties of these maxima. Traditionally, they have been assigned an important r61e in the psychophysiological mechanism whereby the car discriminates between different vowels. We nray wonder, however, whether the differences between the frequency spectra of the ¾arions vowels are fully described by taking into account only their formant freqnencies. In onr opinion, there may be an advantage in approaching the problem in a more general way by means of a multivariate analysis of the vowel spectra.
In this paper, an introduction to this approach of the differences between vowel spectra is given. As we shall see, the results involve interesting possibilities for the development of vowel-discrimination equipment and may also be of value for discriminating between consonants.
I. METHOD
The purpose of dimensional analysis as a technique for studying the differences between vowel spectra can be elucidated in the following way. The vowel is determined by the sonnd-pressure levels (SPI/s) in a number (X) of successive frequency passbands. Thus, the vowel can be represented by a point in an X-dimensional Euclidean space with these levels as coordinates. Since different sound spectra will be represented by different points, the sound spectra of u vowels result in a "cloud" of u p,•ints. Then, the question may be asked, "Do we indeed need .Y dimensions to describe this cloud of points?" Because n points can be described always by an (u--D-dimensional space, a reduction of the nmnber of dhnensions from X to ;•--1 is always possible for n--l<A'. This reduction, however, is trivial. The proper question is whether the • points can be described by less lha;z n--1 dimensions. If this is the case, the implication is that there is some simple structure underlying the varions vowel spectra--in other words, that the n spectra are governed by a .lindted nnmber of basic dimensions. If there were only one dimension, this would mean that the n points are ordered along a straight line; in the case of two dimensions, they would be ordered in a plane, etc. Which case actually applies can be investigated only by compntation.
In these computations, the concept of varia•zce, equal to the square of the standard deviation, plays a basic r61e. In our geometric model, the total variance of the u points is equal to the sum of the squares, divided by ,z, of the distances between the individual points and their "center of gravity." Since the square of a distance in a nmltidhnensional space is equal to the sum of the squares of the projections of this distance along the PLOMP, POLS, AND VAN DE GEER different axes (Pythagoras' theorem), the total variance is equal to the sum of the variances for each dimension. In this way, each dimension is seen to account for a certain portion of the total variance. Most often, this portion is expressed as a percentage of the total variance, which percentage then can be said to be "explained" by that particular dimension. It is obvious that the greater this percentage, the more important the dimension is for the description of the total set of data.
Now the question arises, as stated above, whether we can find a new set of coordinates, by rotation of the first set, in such a way that a small number of new dimensions would explain a large part of the total variance.
The computation of these new dimensions is an eigenvalue problem. From the original data, a variancecovariance matrix is calculated; this is an NX N matrix. The eigenvalues and eigenvectors of this matrix are then determined. The elements of the eigenvector corresponding to the largest eigenvalue are the direction cosines of the dimension that "explains" most of the variance, the magnitude of the eigenvalue being equal to the variance in that direction. Subsequently, the eigenvector corresponding to the second4argest eigenvalue determines the dimension, perpendicular to the first one, that explains most of the residual variance, and so on.
•This technique has some resemblance with one used by Kramer and Mathews • for the design of a vocoder system with a minimal number of transmission channels. Calibration of the entire system from microphone to level recorder, without the 6-dB/oct circuit, showed that the frequency-response curve between 80 and 12 000 Hz did not deviate more than 2.5 dB from a flat curve. This calibration was repeated during the measurements. Since the differences between the levels of the various vowels and not the absolute values of the SPL were used in the calculations, we may expect that these deviations were of no influence on the results.
LI. MEASUREMENTS
As did Peterson and Barney, a we preferred to use words of the type h(vowel)t. Since not all Dutch vowel sounds are covered by using this kind of word, some other words were also used. The list of words is given in Table I . These words were pronounced by 10 young male subjects. They were trained to speak all words equally loudly. In all cases, the duration of the vowel was long enough for taking a 100-msec segment.
The data obtained with the apparatus described above were modified in three different respects. (1) At first, they were corrected for the 6-dB/oct pre-emphasis. In the computations discussed below, the SPL's in decibels below the over-all level for each vowel as a function of frequency band were used as basic data.
III. CALCULATIONS
As discussed in Sec. I, the decibel values measured can be considered as coordinates of points corresponding to the vowels in an 18-dimensional space (18 filters). Since we included 15 vowels and 10 speakers, the total number of points was 150. A preliminary statistical analysis of these data showed that there were significant differences between the centres of gravity of the vowel points for the different subjects. As we are more interested in dilterences between vowels than between subjects, the coordinates of the vowel points for each subject were corrected by translation in such a way that the 10 centers of gravity came to coincide. 7  8  9  10  11  12  13  14  15  16  17  18   125 llz 225  320  400  500  640  800  1000  1250  1{•0  2000  2500  3200  4000  5000  6400  8000  10 points averaged over the 10 subjects showed that 96.4% of the total variance could be explained by four dimensions. For this reason, we restrict ourselves to the first four dimensions in the remaining calculations. Table II gives the cosines of the angles between the new dimensions 14 and the original 18. These values are reproduced graphically in Fig. 4 . By means of these data, the coordinate values of the vowel points along the new dimensions were computed. This calculation, carried out for the average vahles of the 15 vowels, gaYe the coordinates represented in Table III. In this Table, the coordinates are given with respect to the center of gravity of all points. The positions of the points are plotted in Fig. 5, in which the graphs (a-c) represent the positions in the I-II, I-III, and I-IV planes, respectively. As the dimensions I and II explain most of the total variance, Fig. 5(a) is the most important graph. It was mentioned above that there were significant differences between the centers of gravity of the vowel points for the different subjects, which was the reason why the analysis was carried out after correcting the data for these differences. Calculation of the 10 centers of gravity in the four new dimensions on the basis of the uncorrected data resulted in the points plotted in Fig. 6 . It appears that the 10 points agree very well with a straight line through the origin of the coordinate system (dashed line). The continuous line represents the best fit in the least-squares sense. The angle between these two lines is only 5.5 ø .
It is of interest to notice that the configuration of the points in the III plane is similar to that obtained when the oerequency of the second formant is plotted against
Plotting the individual vowel points of the 10 subjeers, corrected for diffe,'ences in their centers of gravity, in graphs as in Fig. 5 revealed another interesting property of the variation of the points. It appeared that for all vowels the largest spread of these points occurred in about the same direction. As the number of points for each vowel is only 10, we derided to pool all the points by eliminating the differences between their average vowel values and to stndy the resulting clond of 150 points. Variation in this cloud, then, must be looked upon as a sort of residual variation, remaining after the major effects of different subject and vowel have been eliminated. The eigenvectors of this cloud give the directions of the font principal axes of the cloud, the first one explaining most of the variance, the second one explaining most of the residnal variance, and so on. The amount of variation along each of these four a,•es can be represented by the standard deviation in these directions. These values determine an ellipsoid, of which the projections on the I-II, I-III, and I IV planes are plotted in Fig. 5(a-c) , respectively. These ellipses include, on the average, 39% of the projections of the individual vowd points. The direction of the long axis is represented by the continuous line. The dashed line points to the origin of the coordinate systeln. Again, the angle between the lines is very small. There must be a reason xvhy both the variation in the centers of gravily of the vowel points and the variation in the individual vowel points after correction for the former variation are maximal in a direction ronghly toward the origiu of the coordinate systeln. To go into more detail in this paper, however, would be premature.
IV. DISCUSSION
The calculations strongly suggest that the differences between vowel spectra are determined by four independent factors, of which the two most important ones are related to the frequencies of the first and second formant. As it is much easier to derive the coordinate wdues of vowels along the computed dimensions than to determine the formant frequencies, the approach presented in this paper may have interesting possibilities for the development of vowel-discrimination eqnipm en t.
An attempt to iuvestigate whether the vowel points along the new dimensions I-IV, averaged over the 10 speakers, could be used for the identification of the vowels pronounced by each of them individually gave promising resttits. An individual vowel was considered to be correctly identified when the distance between its vowel point and the average point of the same vowel was shorter than the distance between the point and any other average vowel point. On the assumption that errors between the vowels oo and U6 and between ee and • may be neglected because these vowels are written in the same manner, and also errors between long and short vowels with similar frequency spectra (o and oo/(•/; i and ee/•) because they can be discriminated by their difference in duration, it appeared that about 90% of all individual vowel points were correctly identified on the basis of the criterion mentioned. Omitting Dimension IV, this percentage was 85%; omitting I)imension III also, it was 75%. These calculations are based on the simplifying assumption that the spread of the points is equal in all directions, whereas Fig. 5 suggests that ellipsoids will give a better result. In future calculations, based on more data, this fact will be taken into account.
Application of these results to the design of speechrecognition equipment is only of interest when the same technique can be used also for the discrimination of consonants. Although in this case particular problems may arise, experiments have been started in which the spectra are measured at short time intervals of running speech, so that spectra representative of the different consonants can be included in calculating a reduced number of new dimensions.
A device, designed for demonstration purposes, which displays the positions of the vowel points in the I-II plane, has been designed. Figure 7 represents Fig. 5(a) . Such a representation may have some value as a visual feedback system for speech training of the deaf.
